Abstract: Pneumatic booster regulators (PBR) are in great demand in modern pneumatic systems for their energy-saving abilities. A new booster regulator with energy recovery (VBA-R) was proposed, and its energy efficiency was investigated by introducing the concept of air power. On the basis of quality-alterable gas thermodynamics, an energy efficiency assessment and pressure response model for VBA-R was proposed. First, a model was solved using MATLAB/Simulink software, and an alternative experiment was designed to verify the mathematical model and performance improvement. The results showed that the simulation was consistent with the experiment. We also can conclude that, first of all, the energy efficiency decreases with the increasing of supply pressure and flow-rate consumption; a VBA-R has the highest efficiency when its diameter ratio is closest to 1.3. Finally, a recovery chamber helped to improve the performance of the VBA-R, which included a boost ratio improvement of 15-25% and an efficiency improvement of 5-10% compared with a conventional VBA booster regulator. This research lays the foundation for optimism regarding the proposed booster regulator.
Introduction
With the increasing awareness of the need for environmental protection, low-carbon and energy-saving technologies have become the current theme of development. Pneumatic systems, which account for industrial energy consumption of 10 to 20 percent [1, 2] , are inevitably discussed as an energy-saving topic. Low energy efficiency is the main factor restricting the further development of pneumatic systems. A study shows that energy consumption can be reduced by about eight percent for each 0.1 MPa reduction in the supply pressure of the compressor [3] . Therefore, more and more Japanese factories are beginning to reduce their air supply pressure to save energy. For example, the supply pressure of the Toyota factory was gradually decreased from 0.6 to 0.3 MPa. However, in practical applications, local high-pressure air is in demand due to the existence of heavy load or high-pressure equipment. Pneumatic booster regulator systems are widely used in factories as a main solution for satisfying local high-pressure requirements. At present, almost all commercial pneumatic booster regulators (PBR) have a structure in which compressed air exhausts directly to the atmosphere. It is obvious that energy is wasted, but it is hard to evaluate the real energy efficiency for lack of an appropriate method. Therefore, a way to evaluate the efficiency of PBR systems and improve their performance has become one of the problems of enterprise that should be solved urgently.
A PBR is also known as a pressure amplifier; it is driven by low-pressure air, and its output pressure is high. Pneumatic booster regulators can be categorised as either symmetric or asymmetric, with respect to their structure [4] [5] [6] . The maximum boost ratio of the symmetric type is two-fold,
Working Principle of the Booster Regulator
Based on Pascal's law, low pressure can be transferred to high pressure for the area of difference. A typical commercial booster regulator (VBA series, SMC, Tokyo, Japan) is shown in Figure 1 . It is composed of two drive chambers, two boost chambers and a movable piston. As shown in Figure 1 , the piston moves from left to right. The pressurised air flows into drive chamber A and boost chamber B, and the air in drive chamber B discharges directly to the atmosphere. The force on the left side of the piston can be twice as great as that on the right side, so the pressure in boost chamber A can become twice as high as the supply pressure. When the piston moves to the end of its stroke, the switching valve changes its position, which causes the piston to change direction. Thus, the booster regulator can continuously exhaust high-pressure air.
However, the compressed air in the drive chamber is exhausted directly to the atmosphere with each stroke, so considerable energy is wasted over a long run-time. In order to reuse this energy to enhance the energy efficiency, and with reference to the expansion energy used (EEU) booster proposed in the reference [7] [8] [9] , a new booster regulator was proposed, as shown in Figure 2 (it is called the VBA-R, corresponding to the old type of VBA). The drive and boost chambers are the same as a traditional booster regulator. However, two more chambers (called recovery chambers) were added to the middle to recover the exhausted energy, and a seven-way two-position (7/2) solenoid valve was introduced to control the air flow. There are also other elements, such as check valves, regulators and magnetic rings, and so on. When the piston is located at the left end, the magnetic signal was detected and the position of the 7/2 solenoid valve was set as shown in Figure 2 . The compressed air flows into drive chamber A and boost chamber B. The piston then moves from left to right, and the air in boost chamber A is further compressed so that the pressure becomes higher than the supply pressure. The compressed air in drive chamber B, instead of exhausting to the atmosphere, flows into recovery chamber A through the 7/2 solenoid valve, and the recovered air is reused to move the piston. It also helps to increase the area of difference so that the boost ratio can be further enhanced. After the piston moves to the right end, an impulse signal is detected once again, and the 7/2 solenoid valve changes its position so that the piston can move in a reciprocating manner and continuously discharge high-pressure air. When the booster regulator works with a different load, the boost ratio can be set by adjusting regulator 14 to output a different air pressure.
Energy Efficiency Evaluation Method for Booster Regulator with Energy Recovery (VBA-R)
The compressed air is recovered by recovery chambers, rather than being exhausted to the atmosphere, through the 7/2 solenoid valve; thus, it helps to raise the boost ratio. On the other hand, the energy is reused in order to improve the energy efficiency of the booster regulator. However, the evaluation methods of energy efficiency for PBRs should be proposed first, in order to assess the performance improvements. Here, we introduced the concept of air power to calculate the energy input or output of a booster regulator system.
Concept of Air Power
According to Cai and Kagawa [17] , air power is defined as the work-producing potential of compressed air. In this definition, the atmosphere is set as the reference state. In the other words, the pneumatic system is supposed to work in the atmosphere. The advantage of air power is that it is independent of the air source and only depends on the current state of air. It is expressed as follows:
Equation (1) indicates that the air power depends on the pressure, flow rate and temperature. However, Cai [17] verified that, when the range of change of air temperature is less than 50 K, the change rate of air power is less than 3%. In modern pneumatic systems, an air dryer and air cooler are essential equipment, so the temperature is almost the same as the atmosphere, meaning the effects of temperature can be neglected. Thus, Equation (1) can be simplified as follows:
Then, the air power depends only on the pressure and flow rate and is zero when the pressure is the same as the atmosphere. Air power is different from hydraulic power due to the fact that air can be compressed. Therefore, in addition to transmission energy, it also includes expansion energy. However, we will not distinguish between these two kinds of air power because both of them are input to the booster regulator system.
Energy Efficiency of Booster Regulator
In practical applications, a tank is always used with a booster regulator to decrease pressure fluctuations. Therefore, the real output is the pressure in the tank, which is lower than the pressure in the chamber of the booster regulator (this will be proved later). To assess the energy efficiency of a booster regulator, considering the application and the definition of efficiency, the energy efficiency of a booster regulator is defined as the ratio of the energy output (air flow out of the tank) to the energy input (air flow in the boost and drive chambers). It is defined as:
Combining the air power proposed in Equation (2), the energy flow in the booster regulator in each cycle is:
It is obvious that the energy input depends only on the supply pressure, because the volume of each chamber is constant. When the supply pressure increases, more energy is consumed by the pneumatic booster regulator system. Energy output, like the energy input, is the integral of air power flowing out the tank in each cycle, and it can be written as:
Pressure fluctuations in the tank lead to simultaneous fluctuations of the flow rate, so it is hard to calculate the energy output directly. However, if the tank is large enough, we could suppose that the fluctuation is small and can be neglected. When the system is running steadily, the flows in and out of the chambers are equal to the volume of the boost chamber. Therefore, we substitute Equations (4) and (5) into Equation (3), and the energy efficiency of the booster regulator system can be obtained as:
where p t is the pressure in the tank and the ratio of p t to p s is defined as the boost ratio, which reflects the boost capability of the booster regulator. Therefore, Equation (6) intuitively indicates that the energy efficiency depends only on the supply pressure and boost ratio because the volume of each chamber is constant. The greater the boost ratio or the lower the supply pressure is, the higher the energy efficiency is. To understand the energy efficiency, it is necessary to identify the boost ratio of the system. Therefore, we will discuss the pressure response characteristics of the VBA-R.
Pressure Response of VBA-R
To facilitate the model, the assumptions are given first as follows:
(1) Air is an ideal gas and it satisfies the ideal gas state equation; (2) The initial temperature of air in each chamber is the same as the atmosphere, and so is the air source; (3) The dead volume of each chamber is very small and can be set as the same; (4) The air tank can exchange heat sufficiently with the surroundings, and it can be considered as an isothermal tank.
Flow Rate Characteristics Equation
The air flows in and out of the chambers through the check valve or throttle valve, and all of the mass flow rate of air can be calculated based on the equations given in ISO6358 [18] . However, when we used these equations in the numerical simulation, it was unstable for an accurate simulation and we had to set the steps to be very small in order to avoid divergence. Because of this numerical inaccuracy, the pressure ratio may surpass 1 when it is close to 1, which then leads to a negative value under the radical sign. This might lead to unknown errors or uncertain results, which would stop the simulation. To avoid these problems, we introduced the laminar flow model proposed by Kaasa [19] for use when the pressure ratio is approximately 1. In that model, subsonic flow is taken as laminar flow when the pressure ratio is greater than β (β ranges 0.995 to 0.999). Then, a redefined flow rate characteristic equation can be given as:
where k 1 is the linear gain:
Gas State Equation
The pressure, temperature and volume all change with the movement of the piston. However, these state quantities of air always satisfy the gas state equation according to assumption (1) . By differentiating the state equation with time, the pressure response in the charge and discharge chambers can be obtained as:
Energy Conservation Equation
Air flows in or out of the chambers whenever the booster regulator is working, and we have assumed that there is no leakage in the system. Therefore, the system can be considered as a variable-mass system that satisfies the energy conservation equation. Then the temperature response [20] in the chambers can be obtained as shown in Equations (11) and (12) .
Kinematic Equation of Piston
In the Figure 2 , the pressure acts on the six surfaces of the piston. Therefore, the kinematic equation of the piston can be derived from Newton's second law:
The friction force of the piston in the pneumatic cylinder is so complex that many models have been used to describe it, such as the Coulomb sliding model, Viscous model and Striberk model [21] . Of these, the Striberk model has the best accuracy, but there are so many parameters that it is hard to confirm them because the booster regulator is a closed system. Therefore, we adopted a mixed friction model based on the Coulomb and Viscous models. This model has a high accuracy and has been verified in the motion control of a cylinder [22] . The friction force is:
Pressure Response in Tank
A booster regulator is always used with a tank to restrain the pressure fluctuations. The flow rate output of a booster system depends on the pressure in the tank, which is also affected by the boost ratio of the booster regulator. Whenever the system is working, air flows out the tank to drive the load, but the tank is charged by the booster regulator at the same time. According to Equation (7), the output flow rate rises with increasing pressure in the tank, then the pressure in the tank decreases. Meanwhile, the output flow rate from the booster regulator dynamically decreases or increases with the changing pressure in the tank. Thus, the equilibrium pressure develops in the tank. This is a simple self-balance system, and if the air consumption grows with the downstream load, the pressure in the tank will dynamically adjust and will tend to balance after fluctuating for a period of time. The charge and discharge model of the tank is simplified, as shown in Figure 3 . The inlet is a check valve; its opening depends on the pressure difference between the booster regulator and tank, and the flow rate changes dynamically as it opens. The outlet is a throttle valve, and we simulated different loads by adjusting its opening. The tank was regarded as an isothermal chamber (ITC) because the wall area was large enough to exchange heat sufficiently with the atmosphere. Then, the gas state equation could be simplified, as the change of temperature could be neglected. Thus, the pressure response in the tank could be obtained as Equation (15) by differentiating the gas state equation:
where G' is the net flow rate of the tank, which is affected by the booster regulator, tank and downstream load. Equation (15) also indicates that the pressure differential is proportional to the net flow rate for an ITC.
The check valve (AKH10-00, SMC, Tokyo, Japan) was used in the experiment, and the air flowing into the tank depended on its flow-rate characteristics. According to the supplier catalogue, the cracking pressure of the valve is 5 kPa, its sonic conductance is 4.8 × 10 −8 (m 3 /(s Pa)), and its critical pressure ratio is 0.5. We assume that the check valve will fully open once the pressure reaches the cracking pressure. The flow rate characteristics changes with the pressure difference and can then be expressed as:
Although the critical pressure ratio is also affected by the pressure difference [23] , it is very small, so we set it as constant in the simulation. By substituting these parameters into Equation (7), we can obtain the flow rate into or out of the tank. Therefore, the net flow rate can be calculated by:
When we calculated G th , the downstream pressure was set as constant (atmosphere) because we used a throttle valve to simulate the load. However, in practical application, it should be set by considering the pressure of the load. By analysing Equations (15) and (16), we recognised that the pressure in the tank would fluctuate with variations of the net flow rate.
Simulation and Experiment on VBA-R

Simulation Model
The mathematical model was established in the previous section; this was solved with MATLAB/Simulink software (MathWorks, Natick, MA, USA). There are six chambers in the VBA-R, and each chamber has three control equations. Considering the air power, piston motion and pressure response in the tank, more than twenty equations need to be solved. It is difficult work to model all of the chambers one by one. However, when the piston moves in a left or right stroke, three chambers are charged while the others are discharged, and all of them interchange during each stroke. We also found that, whether the chambers' volumes changed or not, they could be described by a lumped parameter model with three control equations; the only differences were the structure parameters of the chambers. Thus, we could utilise this peculiarity and only two kinds of chambers needed to be modelled. The tank could be thought of as a particular chamber whose piston was fixed.
Therefore, the discharge chambers can be described by Equations (7), (10) and (12), and the charge chambers can be described by Equations (7), (9) and (11) . For the fixed chambers, u can be set to zero; for isothermal chambers, dθ/dt can be set to zero. We needed to model only five standard subsystems and redefine the structure parameters during the simulation, which helped to improve the efficiency of the modelling.
A flow chart of the simulation programme was created, as shown in Figure 4 , and the simulation model was established using the standard subsystems. For the simulation, it was necessary to automatically judge the stroke end. Then, the variable step size was selected to improve the calculation efficiency, and the solver was set as ode45 (Dormand-Prince). 
Energy Efficiency Test
To assess the energy efficiency of the booster regulator, an air power metre (APM) [24] was used to measure the energy input and output. The core element of an APM is its quick laminar flow rate sensor, which can convert the pressure and flow rate into air power based on Equation (2). The real-time energy consumption can also be monitored by integrating the air power.
The experiment circuit was configured as shown in Figure 5 . It consisted of a precision regulator (IR3020-02A, SMC, Tokyo, Japan), a booster regulator (VBA20A-03, SMC, Tokyo, Japan; VBA-R), two APMs (APM-L-800s, TOKYO METER, Tokyo, Japan), an air tank (VBAT10A1-15, SMC, Tokyo, Japan), a pressure sensor (AP-13S, KEYENCE, Osaka, Japan), a throttle valve (AS300, SMC, Tokyo, Japan), and a data acquisition card (TNS6810, INTERFACE, Hiroshima, Japan). The accuracy of the APM and pressure sensor were ±2% F.S. and ±0.5% F.S., respectively. To verify the energy recovery performance considering the cost and period, we used an alternative method rather than manufacture a new VBA-R. The experimental apparatuses used to verify the energy recovery of the VBA-R are shown in Figure 6 . According to the structure shown in Figure 2 , a double-acting, double-rod cylinder (CG1WLN, SMC, Tokyo, Japan) and two double-acting, single-rod cylinders (CDG1YL, SMC, Tokyo, Japan) were assembled together. The 7/2 solenoid valve was replaced by two 5/2 solenoid valves (SV3200R, SMC, Tokyo, Japan), which were connected in parallel and controlled by a programmable logic controller (PLC). The details of experiment apparatuses are listed in Table 1 . Figure 7 . In the test circuit, the APM was mounted at the outlet of tank instead of the booster regulator. As we know, the cheque valve opens only when the pressure in the boost chamber is larger than that in the tank. In that situation, the cheque valve opened intermittently, and air was exhausted in an unsteady flow. The flow rate during unsteady flow is difficult to measure accurately. However, the flow rate output from the tank was almost steady for the constant load, which was easy to measure.
Results and Discussion
Experiment Results
With the experiment system, the main characteristics of the VBA-R were measured as shown in Figures 8 and 9 . Figure 8 shows the pressure response in the tank: the pressure gradually increases and then becomes steady. There is a slightly greater time-delay in the response of the experiment than in the simulation at the beginning of air charging, which is due to the isothermal assumption in Equation (15) . However, the deviation is within the uncertainty of the system (mainly sensor errors) and can be neglected. Therefore, we believe the experiment results are in good agreement with the simulation. Figure 9 shows the air power output from the tank, and the regularity of change is similar to the pressure. The mathematical model was verified by experiments, and the simulation model was used to study the other characteristics and the influences of different parameters.
Characteristics of VBA-R
The simulation model was established in Section 4, and its main parameters are shown in Table 2 . Then the characteristics of VBA-R were obtained and shown in Figures 10-13 , which included the dynamic characteristics of the piston and the pressure response in the boost chamber and tank. Figure 10 gives the motion characteristics of the piston. When the piston changes its direction, a slight fluctuation occurs because we forced the piston to change its direction at the end of its stroke in the simulation. This would not happen in reality because of the existence of the air buffer. Figures 11 and 12 reflect the outputs of the VBA-R and tank. In the Figure 11 , it is clear that the outputs of the tank are smaller than those of the booster regulator for both pressure and flow rate. It also suggests that the outputs of the booster regulator are unsteady and discontinuous. Figure 12 further proves that the output pressure of the tank is less than that of the booster regulator, and with increasing load, the boost ratio decreases sharply. This must be seriously considered when choosing a booster regulator. Figure 13 indicates that the pressure in the tank fluctuates, but it is much steadier than the booster regulator when compared with the pressure response in Figures 11 and 12 . We also found that the fluctuations get smaller as the tank volume increases. This is a good reference for when we match a tank with a booster regulator.
Energy Efficiency of VBA-R
Equation (6) suggests that the energy efficiency was mainly affected by the supply pressure and boost ratio. However, when the supply pressure was constant, the boost ratio changed with the flow rate consumed by the load. Beyond this, the structure was considered to be proposed as a design reference. The parameters were changed to identify the influence of supply pressure and boost ratio.
Effect of Supply Pressure and Flow Rate
Based on the concept of air power, the pressure is inversely proportional to the flow rate based on energy conservation. Then, considering the flow rate characteristics, the energy efficiency was obtained as shown in Figure 14 . As the supply pressure increases, the energy efficiency curves move down when the flow rate is small and they move up as the flow rate increases. To understand this phenomenon, we have to consider the results shown in Section 5.4.1 and Equation (6) . According to Equation (6), the energy efficiency gets lower with increasing supply pressure or decreasing boost ratio. From Section 5.4.1, it can be seen that the boost ratio increases with increasing supply pressure, and the losses always increase with increasing supply pressure. Therefore, based on an overall consideration of these factors, the energy efficiency gets smaller with increasing supply pressure, but it is relatively stable for an improving boost ratio. In other words, the boost ratio can compensate for the energy efficiency loss caused by that increasing supply pressure. Figure 14 also suggests that, when the pressure is constant, the more the flow rate is, the less the energy efficiency is. Therefore, it better to use a booster regulator with a small flow rate. If the flow consumption is large, a high supply pressure has a much better efficiency. Figure 2 gives the structure of the VBA-R, which we have claimed helps energy recovery. However, when we considered this again, we found that the pressure in the drive chamber had simultaneously done negative work. With an increase of the recovery chamber diameter, the volume increased, which lead the recovery pressure to decrease. Therefore, it should be confirmed carefully whether the force on the piston in the recovery chamber is increasing or decreasing. This also affected the energy efficiency of the VBA-R, so we changed the diameters to study the influence of the diameter ratio (the ratio of the recovery chamber diameter to the drive chamber diameter, D 2 /D 1 ) in order to properly select the design parameters.
Effect of Diameter Ratio
The change of boost ratio with D 2 /D 1 is shown in Figure 15 , when all other parameters are constant. It is clear that the boost ratio increases first and then decreases, and the boost ratio reaches its greatest value when the diameter ratio is nearly 1.3. The variation of energy efficiency is depicted in Figure 16 , in which the energy efficiency decreases with increasing supply pressure. The energy efficiency reaches its largest value for different supply pressures when the diameter ratio is closest to 1.3. 
Effect of Operate Conditions
There are different demands in practical applications, and, according to the different operating conditions, we hope to achieve higher energy efficiency. We made a comparison between two kinds of operation conditions, as shown in Figure 17 . In these two conditions, the energy efficiency difference was up to 20%. We analysed previously that, as the supply pressure or flow rate increased, the energy efficiency decreased. Thus, in a practical application, it is better to use a booster regulator with a high boost ratio. In Figure 18 , the influence of boost ratio was further verified, and the result was consistent with the analysis according to Equation (6) , which indicated that the energy efficiency gets higher with decreasing supply pressure or increasing boost ratio. However, the boost ratio gets smaller with decreasing supply pressure, so we should comprehensively consider these factors in order to obtain higher efficiency. 
Comparison of VBA and VBA-R
The VBA-R was designed as an updated version of the VBA, so a performance comparison and assessment are essential. Flow-rate characteristics are the basic performance indicator that should be considered first for pneumatic components. We added energy efficiency as another index for the booster regulator: it also can be referred to in the design of other pneumatic components by introducing the concept of air power.
Comparison of Flow-Rate Characteristics
The flow rate characteristics of the VBA and VBA-R are shown in Figure 19 . It is clear that, with the same supply pressure, the output pressure of the VBA-R is much higher. The largest boost ratio of the VBA is two-times as much as the supply pressure, but that of the VBA-R is even greater. This directly indicates that the recovery energy is used to push the piston, and then the boost ratio enhances it. However, as Figure 15 shows, we must select the diameter ratio properly to obtain the best performance. 
Comparison of Energy Efficiency
To verify that the recovery energy helps improve the energy efficiency, the VBA and VBA-R were compared as shown in Figure 20 . It is clear that, as the supply pressure increases, the energy efficiency decreases. However, with the help of the recovery chamber, the efficiency of the VBA-R is always 5-10% higher than that of the VBA. Once again, this proves the performance improvement of the VBA-R. 
Conclusions
A new pneumatic booster regulator with energy recovery was proposed and its energy efficiency characteristics were modelled by considering the tank. It was consistent with the application of a booster regulator system. With this model, the energy efficiency was confirmed by using the concept of air power. Then, the effects of various factors on energy efficiency were comprehensively analysed, and the performance improvement of the VBA-R was verified by comparing it with the VBA. The conclusions can be summarised as follows:
(1) The system outputs, especially the pressure, were less than those of the booster regulator.
When the air consumption increased, the boost ability decreased, and the tank output became much smaller; (2) The energy efficiency was directly affected by the supply pressure, and it decreased with increasing supply pressure or decreasing boost ratio; (3) When the supply pressure was constant, the energy efficiency decreased with the flow rate consumed by an increasing load; (4) Both the boost ratio and energy efficiency increased first and then decreased with the increasing recovery chamber diameter. When the diameter ratio was close to 1.3, the VBA-R has the largest boost ratio and energy efficiency; (5) The recovery chamber helped improve the boost ratio by 15-25% and energy efficiency by 5-10% under different operating conditions. Thus, it will save energy over long running times. 
